Abstract: This paper presents a modeling and control method for thermal power plants having nonlinear dynamics varying with load. First a load-dependent exponential ARX (Exp-ARX) model that can effectively describe the plant nonlinear properties and requires only off-line identification is presented. The model is then used to establish a constrained multivariate multi-step predictive control (ExpMPC) strategy whose effectiveness is illustrated by a simulation study of a 600 megawatt (MW) thermal power plant. Although the predictive control algorithm may be used without resorting to online parameter estimation, it is much more reliable, and displays much better control performance than the usual GPC algorithm.
RGD: Opening of the reheater flue gas damper.
Introduction
In normal use, thermal power plants display daily load fluctuations which can be anything from 30% to 100% of full load. The plant must be capable of operating as a controlled system across a wide range of working conditions. Since the relationships governing the main controlled variables (main steam temperature, reheated steam temperature, and main steam pressure) depend to a large extent on load, the behavior of the plant becomes quite non-linear. However, at present, the multi-loop PID controller remains the most widely used method in the process control.
Over the last 10 years, several advanced control methods for the control of thermal power plants have been reported. Examples are the generalized predictive control (GPC) method based on local model networks [5] , the self-tuning minimum variance control method for steam temperature control [3] , the self-tuning multi-loop generalized predictive control (GPC) method [2] , and the multivariable dynamic matrix control (DMC) method based on linear models [6] . Of these, the local model network based GPC uses a set of local linear models to describe the non-linearity of the plant. However, in order to represent plant non-linearity satisfactorily, the required number of local linear models often becomes too large to be implemented easily. The self-tuning GPC, DMC and minimum variance control methods all require on-line parameter estimation to deal with plant non-linearity. In real-time, the convergence and computational cost of on-line parameter estimation poses considerable problems.
Toyoda [7] introduced an algorithm based on an amplitude-dependent auto-regressive model [1] , which uses an off-line method to identify the load-dependent non-linearity of thermal power plants. However, in
Toyota's method, the effects of stochastic process disturbances are not taken into account. Furthermore, the cost function of the controller is not very appropriate, since it does not involve the outputs or the state errors, and on-line optimization has to be used to compute control signals based on a nonlinear model and non-linear programming techniques. In this case, sometimes it is impossible to obtain a feasible solution, and control may become divergent.
In this paper, we also follow Toyota's method [7] of using an (amplitude dependent) exponential auto-regressive model [1] , thus obviating the problems resulting from on-line parameter estimation. Like the model used by Toyota [7] , our model is an Exp-ARX model depending on load as an exogenous variable. However, noting that the dynamics of the thermal plant system are different under situations of increasing or decreasing load, our model also depends on the incremental change in load. As will be shown in section 3, the model effectively represents the nonlinear dynamics of the system over a wide range of operating conditions.
In order to deal with the controller cost function problems noted in the use of Toyota's method [7] , we have also built a new type of multivariate multi-step-ahead predictor. Using this nonlinear predictor, a constrained multivariate long-range predictive control strategy has been designed. In section 5, the modeling and control methods proposed in this paper are implemented in a simulation study of a 600MW fossil-fired thermal power plant using MATLAB SIMULINK (The MathWorks, Inc.).
Thermal power plant non-linearity
This paper will use a thermal power plant simulation of a 600MW sliding pressure type boiler-turbine system [8] [9] created in MATLAB SIMULINK as the plant to be The gain-scheduling PID controllers and the constrained multivariable generalized predictive controller (ExpMPC) presented in this paper will operate in parallel in the proposed control system. This is because the actual plant will commonly already be working with PID controllers, so parallel operation will obviate the need to drastically change the structure of the actual control system, and will also guarantee operational safety. Therefore the plant to be controlled by the ExpMPC consists of the turbine-boiler system and the multi-loop PID controllers.
The outputs and the inputs of the controlled plant are given as follows 
Modeling of the controlled system
In the single variable case, the exponential auto-regressive model [1] may be written as follows 
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where
is the load demand, and
denotes the noise sequence which is assumed to satisfy
where t F denotes the σ -algebra generated by the data up to and including time t, and Ω is a positive definite matrix. In (2), ( 1) ( 1) , ( 1) ( 1) ,
where * denotes a vector norm, 
Multi-step predictive control
The model based multi step predictive control method has various advantages, such as rolling optimization, multi-step-ahead prediction and feedback correction etc. Here, an Exp-ARX model based multi-step predictive control algorithm (ExpMPC) will be presented for thermal power plant control. 
Multi-step-ahead prediction
Proof: Multiply (7) 
to be t F -measurable and ignore the random disturbance term
The recursive solution of the Diophantine equation (7) may be achieved as follows
Proof: Subtracting (7) from the equation obtained by substituting j with 1 + j in (7), we get
In general, the variance of load demand between two sampling points can be seen to be very small, and therefore ) ( ) (
In this way, (14) becomes (8) may be obtained using the following recursion The proof of theorem 3 is similar to the proof of theorem 2, and is omitted here.
The constrained multi-variable generalized predictive control (ExpMPC) strategy
Equations 5 and 6 may be used to obtain a vector-matrix form for the predicted output. We first define
here N is the prediction horizon whereas u N is the control horizon after which controls are assumed to be zeros, i.e. cost-function be defined as 
In a actual power plant control, the first vector * ( ) t U of the solution * ( ) t U is used.
Simulation results
In the following simulation, 
Conclusion
In this paper, a multivariable nonlinear exponential ARX (Exp-ARX) model has been presented, which can very closely describe the nonlinear dynamic behaviors of thermal power plants over the whole operating range.
Since Exp-ARX models are similar to linear ARX models fixed at certain load levels or operating points, actually this is a class of local linearization models which does not need to resort to on-line parameter estimation.
They may be applied to describe a class of nonlinear systems satisfying certain smooth conditions. On the other hand, the Exp-ARX model can be also regarded as a special NARMAX (nonlinear ARMAX) model. Notice that there is no necessity to give up the idea of the original NARMAX model as a result of the birth of the Exp-ARX model. However, in actual applications, using
Exp-ARX models is very convenient, because some identification approaches of linear models may be used to identify the models. 
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